In this study, Mg-6 mass%Al-2 mass%Sn-0.4 mass%Mn with different Ag addition (1, 2 and 3 mass%) were extruded and aged. The effects of Ag additions on microstructure and mechanical properties of the Mg-6Al-2Sn-0.4Mn-based alloys were investigated. In the case of the asextruded alloys, the strength of Ag-containing alloys was improved approx. 330 MPa as compared with alloy without Ag, due to the solid solution strengthening and weaker basal texture by Ag addition. After ageing treatment, ultimate tensile strength of the 3 mass%Ag containing was remarkably improved to 382 MPa with elongation of 12%. It is probable that fine Mg-Ag precipitates in the ¡-Mg matrix after ageing treatment, played a significant role in the enhanced strength by Ag addition.
Introduction
Magnesium alloys are attractive metals for the automotive and aerospace materials for their extremely low density, higher specific strength, good cast ability and recyclability. However, the use of magnesium wrought alloys in industrials applications is still limited due to lower strength and formability compared to other lightweight materials such as aluminum.
The most widely used Mg alloys are based on Mg-Al system such as AZ91, AZ61, AZ31 and AM60 etc. due to good mechanical properties, corrosion resistance and castability. However, the absolute strength is still inadequate both room and elevated temperature owing to the secondary Mg 17 Al 12 phase with a coarse and low thermal stability. 1, 2) Compared to the Mg-Al system, Mg-Sn system is more attractive in terms of the creep resistance. Mg-Sn alloys results in the precipitation of Mg 2 Sn, a face-centered cubic phase with a high melting temperature of ³770°C, about 300°C higher than that of Mg 17 Al 12 .
35) In the recent, Sn addition to Mg alloys was resulted in the improvement of strength and decrease of yield-asymmetry at room temperature by the formation of fine grain and the presence of fine Mg 2 Sn precipitates. 6) Moreover, it is reported that Mg-Sn based alloys have a great potential for use high speed extrusion processes for the higher incipient melting temperatures of secondary phases compared to conventional AZ and ZK series alloys. 7) Our previous work also showed that the mechanical properties of the Mg-Al-Sn-Mn alloys can be improved by the formation of intermetallic compounds and grain refinement. 8) Ag addition to Mg-Zn, Mg-Sn and Mg-RE alloys remarkably enhanced the Ag-hardening response. 5, 9, 10) Alloys with added Ag and the age hardening response, leading us to believe that Mg alloys with added Ag may have enhanced mechanical properties. However, effect of Ag addition on microstructure and strength behavior of Mg-AlSn alloy systems has not been reported.
In this study, Mg-6 mass%Al-2 mass%Sn-0.4 mass%Mn-xAg (x = 1, 2 and 3 mass%) alloys were extruded at low temperature of 200°C and aged (T6) at 200°C for 12 h. The current study was conducted to investigate the effects of Ag addition on the microstructure and mechanical properties of as-extruded and as-aged Mg-6Al-2Sn-0.4Mn based alloys.
Experimental Procedures
The nominal compositions of the alloys investigated in the present study were Mg-6 mass%Al-2 mass%Sn-0.4 mass%Mn-xAg alloys (x = 1, 2, and 3 mass%). Commercially pure Mg, Al, and Sn (>99.9%) were used to prepare these alloys, and manganese (Mn) was added as Mg-5 mass%Mn master alloy. Mg-6Al-2Sn-0.4Mn-xAg alloys were fabricated under an SF 6 and CO 2 atmosphere in a steel crucible using an electric resistance furnace. The alloy melts were cast into a pre-heat steel mold (D 70 mm © H 100 mm) at 200°C. Then, the cast billets were homogenized at 400°C for 12 h following which they were water-quenched. After the as-homogenized billets were kept at 200°C for 1 h, hot extrusion was carried out with a reduction ratio of 40 : 1. The diameter of the extruded bar was 12 mm. Specimens were solution treated at 400°C for 30 min, quenched into water, and then isothermal aged at 200°C for 12 h. Then, we examined the microstructures of the as-extruded and aged alloys using an optical microscope (OM), a scanning electron microscope (SEM) with an energy-dispersive X-ray spectrometer (EDS) and electron backscatter diffraction (EBSD) system and transmission electron microscope (TEM). Samples were cut and ground mechanically into a mirror-like surface using abrasive papers and diamond pastes. For microstructural observations, the surfaces were etched by immersing them in a solution of 10 mL acetic acid, 4.2 g picric acid, 10 mL distilled water, and 70 mL ethanol 1520 s. TEM specimens were prepared by mechanical thinning and polishing followed by ion milling. Tensile tests were performed using a universal material test machine at room temperature. The mechanical tests were carried out at an initial strain rate of 1.0 © 10 ¹3 s
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. Figure 1 shows optical micrographs, EDS results and XRD pattern of the as-cast Mg-6Al-2Sn-0.4Mn-xAg alloys. In all alloys, coarse second-phase particles were present at ¡-Mg grain boundary and Mg matrix. Analyses by energy dispersive spectroscopy (EDS) and X-ray diffraction ( Fig. 1 (e)³(h)) indicate that the particles are mostly Mg 17 Al l2 eutectic phase, Mg 2 Sn and Al 8 Mn 5 phases. Ag containing phase could not be observed. In addition, the microstructures of the as-cast Mg-6Al-2Sn-0.4Mn-xAg alloys exhibited dendritic morphology grains, as shown in Fig. 1 ((a)³(c) ). With an increase Ag content, average grain size was decreased. Before extrusion process, cast billets were solution-heated at 400°C for 12 h and followed by quenching in water. Figure 2 shows the SEM images of the solid-solution heattreated Mg-6Al-2Sn-0.4Mn-xAg alloys. After solution treatment, the amount of precipitates dramatically decreased and the intermetallics at grain boundary disappeared. Some of the polygon-shape precipitates were observed in grain. It indicates that the alloy elements were dissolved in the matrix, proving a good potential for the further ageing treatment. The dendritic morphology grains sowing as-cast state were changed to the equiaxed grains and most grain boundary became straight after solution treatment.
The optical micrographs and SEM images of the asextruded Mg-6Al-2Sn-0.4Mn-xAg alloys are shown in Fig. 3 . The as-extruded alloys exhibit much refined microstructures compared to the as-cast alloys. This was undoubtedly a consequence of dynamic recrystallization during extrusion process. The grain sizes in extruded alloys are basically similar with the Ag content increased. In all alloys, local deformation bands were observed to the direction extrusion due to the severe deformation during the extrusion. In the SEM images shown in Fig. 3 ((d)³(f ) ), volume fraction of second phases was similar regardless of increase Ag content due to the solid-solution treatment before extrusion.
To examine grain size and texture in detail, EBSD analyses were conducted, as shown in Fig. 4 . These images show the EBSD crystal orientation maps and (0001) inverse pole figures of the as-extruded Mg-6Al-2Sn-0.4Mn-xAg alloys obtained from the parallel section to the extrusion direction. As Ag content was increased, average grain size was slightly increased from 12.2 (no Ag addition) to 13.0 (1 mass%Ag), 13.3 (2 mass%Ag) and 14.3 µm (3 mass%Ag), respectively. On the other hand, maximum intensity of (0001) basal plane of the as-extruded alloys was decreased with increasing Ag addition. Clearly, it should be noted that a random texture grows with increasing Ag content. Until now, there have been a number of hypotheses proposed to explain the effect of the texture weakening in Mg alloys, 1113) such as solute-driven effect and particle stimulated nucleation (PSN) effect. By solid-solution heattreatment before extrusion process, precipitated phases almost completely disappeared in the Mg matrix compared to that of the as-cast state as shown Fig. 2 . Also, Ag-containing phases were not observed in the specimens solution treated and extruded. Therefore, it is suggested that texture weakening by Ag addition to Mg-6Al-2Sn-0.4Mn may be attributed to the solute-driven effect and associated with the extent of solute segregation, rather than PSN effect. Figure 5 shows the tensile properties of the as-extruded Mg-6Al-2Sn-0.4Mn-xAg (x = 0³3) alloys at room temperature. As compared with the Mg-6Al-2Sn-0.4Mn alloy, the yield strength and ultimate tensile strength were remarkably improved for Ag-containing alloys. The Mg-6Al-2Sn-0.4Mn alloy showed YS of 172 MPa and UTS of 302 MPa with an elongation of 14.5%. As the Ag content was increased, the yield strength and ultimate tensile strength was increased.
Maximum value of the yield strength and ultimate tensile strength was 221 MPa and 334 MPa for the 3 mass%Ag containing alloy. Ag addition resulted in the improvement of strength due to the solid-solution strengthening by homogenization heatreatment and subsequent water quenching before extrusion. The atomic size of Ag is 0.144 nm, which is 11% smaller than Mg and thus an interstitial solid solution can form.
14) The significantly different atomic size of Ag from Mg can produce strong lattice distortion and induce a solid solution strengthening effect. The elongation of Ag-containing alloy was increased from 12.6% (1 mass%Ag) to 14.6 (2 mass%Ag) and 14.0% (3 mass%Ag) due to the weaker basal texture as shown in Fig. 4 . In particular, the UTS of 3 mass% Ag containing alloy was improved without reduction of elongation, as compared with that of alloys without Ag, owing to the solid-solution strengthening and weaker basal texture by Ag addition. The present study shows that extruded Mg-6Al-2Sn-0.4Mn alloys with added Ag have better mechanical properties (i.e., strength and ductility) than those without Ag.
In order to improve strength of the extruded alloys, ageing heatreatment (T6) was conducted after solution treatment at 400°C for 30 min (T4). Figure 6 (a) and (b) shows TEM bright field images of the extruded and aged Mg-6Al-2Sn-0.4Mn-1Ag alloy, respectively. The TEM micrographs for the as-extruded alloy (Fig. 6 (a) ) do not show any precipitates after extrusion at 200°C. On the other hand, a number of fine particles precipitated homogenously in the magnesium matrix after ageing treatment. As shown Fig. 6 (b) , three kinds of precipitates were observed as Mg 17 Al 12 precipitates (approx. length 200 nm and width 60 nm) with elliptical morphology, very fine Mg-Ag particles (below 25 nm) with granular shape and a small quantity of Mg 2 Sn (approx. 100 nm) precipitates with polygon shape. Figure 7 shows the stressstrain curves of the aged Mg-6Al-2Sn-0.4Mn-xAg alloys xAg (x = 1³3) alloys at room temperature. By increasing Ag addition, the yield and ultimate tensile strength was remarkably increased. In particular, the ultimate tensile strength were improved from 332 (1 mass%Ag) to 371 (2 mass%Ag) and 382 MPa (3 mass%Ag) as Ag content was increased from 1 mass% to 3 mass% after T6 heat treatment. Obviously, the yield and ultimate tensile strength of the aged alloys were improved by the Ag addition owing to the presence of a fine Mg-Ag precipitates in the Mg matrix. Therefore, the precipitation strengthening was undoubtedly the largest contributor to the strength of the as-extruded Mg-6Al-2Sn-0.4Mn-xAg alloys. The elongation of the 1 mass%Ag and 2 mass%Ag containing alloys was similar value of 14%. However, elongation of 3 mass%Ag containing alloy was slightly decreased to 12%.
Conclusions
We investigated the effects of Ag addition on the microstructure and mechanical properties of the as-extruded and the as-aged Mg-6Al-2Sn-0.4Mn-based alloys. In the asextruded alloys, the Ag-containing alloys had better mechanical properties than did alloys without Ag due to the solid solution strengthening and weaker basal texture by Ag addition. The ultimate tensile strength (UTS) and elongation of alloys containing 3 mass% Ag were 334 MPa and 14%, respectively. In particular, the ultimate tensile strength were remarkably improved from 332 (1 mass%Ag) to 371 (2 mass%Ag) and 382 MPa (3 mass%Ag) as Ag content was increased from 1 mass% to 3 mass% after ageing heat treatment, owing to the presence of a fine Mg-Ag precipitates in the Mg matrix. And elongation was slightly decreased from 14 to 14 and 12%. Fig . 7 The stressstrain curves of the aged Mg-6Al-2Sn-0.4Mn-xAg (x = 1, 2 and 3 mass%) alloys at room temperature.
